Background: While heart rate variability (HRV) constitutes a relevant noninvasive tool to assess the autonomic nervous system (ANS) function with recognized diagnostic or therapeutic implications, there is still a lack of established data on maturation of autonomic control of heart rate during the first months of life. The Autonomic Baby Evaluation (AuBE) cohort was built to establish, the normal autonomic maturation profile from birth up to 2 years, in a healthy population of full-term newborns. Methods: Heart rate variability analysis was carried out in 271 full-term newborns (mean gestational age 39 wGA þ 5 days) from reliable polysomnographic recordings at 0 (n ¼ 270) and 6 (n ¼ 221) months and from a 24-hour ambulatory electrocardiogram (ECG) at 12 (n ¼ 210), 18 (n ¼ 197), and 24 (n ¼ 190) months. Indices of HRV analysis were calculated through the and 24 months and with smoothed values in the 3rd, 10th, 50th, 90th and 97th percentiles. Data are also presented for the full cohort and individualized by sex to account for gender variability. Discussion & conclusion: The physiological autonomic maturation profile from birth to 2 years in a healthy population of term neonates results in a fine-tuning autonomic maturation underlying progressively a new equilibrium and privileging the parasympathetic activity over the sympathetic activity.
Introduction
Whatever the age [1, 2] , heart rate variability (HRV) referring to beat-to-beat variations of the RR interval length constitutes a relevant non-invasive tool to assess the autonomic nervous system (ANS) function with recognized diagnostic or therapeutic implications [3, 4, 5, 6, 7, 8, 9] .
For the neonatologist, the interest in HRV lies in the perception of the status of congenital or acquired autonomic dysregulation, particularly the cardiorespiratory control as objective risk factor of Sudden infant death syndrome (SIDS) [10, 11, 12, 13, 14] . In the triple risk model of SIDS involving "vulnerable child, exogenous stress and critical developmental period", the cardiorespiratory autonomic immaturity and abnormal awakening responses appear to be critical [11, 14] .
The cardiorespiratory modulations observed during arousal are mediated by the cortico-hypothalamic pathways and cardiorespiratory nuclei of the brainstem, including the solitary tract, ambiguous and dorsal nucleus of the pneumogastric nerve. Kato et al. provided an epidemiological link between central abnormalities of cardiorespiratory response during awakening and sudden death, in a large survey including 20,000 children [15] . The links with molecular research analyzes contributions of inhibitors neurotransmitters of cardiorespiratory control, in the genesis of both apnea and bradycardia as GABA g aminobutyric acid, adenosine, serotonin, endorphins and prostaglandins [16, 17] with the identification of an abnormal serotonergic response in the bulbar and arcuate nucleus of the hypothalamus in as much as 50% of the cases, presumably linked to genetic polymorphisms [18, 19, 20, 21] . In that view, overexpression of cardiac muscarinic receptors as well as an increased enzymatic acetylcholinesterase activity have been reported [22] . Regardless of the fetal risk associated with autonomic dysfunction, the study of the child autonomic status is also of great interest in many clinical situations as frequent as infections, sepsis [23, 24] , chronic inflammatory [25] diseases or type 1 diabetes [26] in which impaired autonomic control and increased risk for cardiovascular disease are reported.
While there are advances on the biological regulations, there is still a lack of established data on maturation of autonomic, particularly during the first months of life. It has been established that at least 37 weeks of in utero maturation are needed to achieve full autonomic maturation at birth [2, 27, 28, 29, 30] . As a matter of fact, both cardiac autonomic responsiveness and baroreflex loop are altered in preterm infants regardless of gestational age (GA) and remain very low at theoretical term when compared with full-term newborns [27, 28] . In a recent review about ANS in newborns, an increasing postnatal age is related to a significant rise of HRV parameters, particularly for the high frequency (HF) parameter, recognized as a relevant representative of parasympathetic maturation [31] .
While an autonomous imbalance in the first year of life implies inappropriate cardiorespiratory reactions to internal or environmental stress [11, 12, 13, 14] , the lack of references data at that age makes clinical studies unrelated to the others. This may concern up to the premature adolescent, but focusing up the two first years of age may help monitoring the most at risk infants [32, 33, 34] .
Therefore, describing the natural evolution of autonomous maturation in the first years of life may bring useful data to clinicians in search for a better interpretation of autonomic status and its clinical relationships. The Autonomic Baby Evaluation (AuBE) cohort was built to establish, for the first time, the normal autonomic maturation profile from birth. We here publish the first results of the cohort, up to 2 years, in that healthy population of full-term newborns [35] .
Methods

Design
Autonomic Baby Evaluation (AuBE) study is a prospective single-center observational study conducted at the University Hospital of Saint-Etienne (France), a level III Maternity managing 3.500 births annually. The cohort of the consecutive fullterm newborns was performed over a 24 months' period, from September 2009 to September 2011 to assess the autonomic maturation profile during the first two years of life.
For the Heart rate variability analysis, polysomnographic recordings were realized at 0 and 6 months and due to the growing motor ability of children, the recordings were then performed through a 24-hour ambulatory electrocardiogram (ECG) at 12, 18, and 24 months. The first two-year follow-up of the cohort ended in September 2014. All the design of the study with the approval by our institute's ethics committee, the inclusion and exclusion criteria and the technical procedure for acquiring recorded data have been published in a previous review [35] . The study was registered in the International Clinical Trials Registry under the label ClinicalTrials.gov ID NCT01583335 [29] .
Among the 302 children recruited, we kept 271 (89.7%) of them as being full-term, excluding the 31 (10.3%) preterm born before 37 weeks of gestational age (wGA).
They were recruited continuously according to the availability of the recorders independently of ethnicity, and sex. For term newborns (n ¼ 271), the median gestational age was 39 wGA þ 5 days [37 wGA, 41 wGA þ 6 d]. The ratio M/F was 1.22 (149/ 122). We did not retain alcohol exposure during fetal life, but 86 (31%) newborns were probably exposed to nicotine in utero without precision of intensity [35] .
No child presented a dysmorphic syndrome. At birth the mean term newborn weight was 3256 g (2640e4410), the mean length was 49.6 cm (44e55), and the mean head circumference was 34.2 cm (33.0e38.5). The mean Apgar score was 9 at one, 10 at two, and 10 at ten minutes. The mean CRIB score [36] was 0. One child received a brief resuscitation in the delivery room requiring a short cardiac massage with immediate hemodynamic recovery. No child presented neonatal lung disease, or hemodynamics, gastrointestinal or neurological troubles. One child (0.2%) had been treated for a suspected neonatal infection. Hospital stays lasted an average of 3 days [2, 5] and 100% of the children were considered clinically normal. No home monitoring was recommended at discharge. In this cohort of 271 infants, one child (0.03%) died in the third month of life, probably because of asphyxiation in bed without further explanation despite an extensive research of etiologic factors and an autopsic procedure. As a result, he was not excluded from the first recording. We note an early loss to follow-up before two years of age for 68/271 (25%) infants. Reliable HRV recordings were 270 polysomnographic recordings (M0) 210 polysomnographic recordings and 11 Holter 24 hours ECG (M6) and 210, 197 and 190 Holter ECG recordings at, respectively M12, M18 and M24.
Materials
The 24-hour ECG recordings were obtained from the polysomnographic recordings (DreamÒ Medatec, Belgium), or from ECG Holter (VistaÒ, Novacor, Rueil Malmaison, France). The sampling frequency was 200 Hz for both materials. HRV calculations were performed through the ANSLabTools software [37] .
First, ECG tracings were resampled at a frequency of 1000 Hz and each R peak was detected to provide the R-R interval series with a precision of 1 ms. Then, missing beats, isolated premature heart beats and artifacts were corrected using a spline cubic interpolation [38, 39] .
Analysis of heart rate variability
Indices of HRV analysis were calculated through the ANSLabTools giving several types of indices according to the litterature [37, 38] .
-Time domain analysis. They are based on means and standard deviations calculated on short-term to long-term variations in RR intervals. The standard deviation of normal-to-normal intervals (SDNN), the standard deviation of the mean of all normal RR intervals for 5-min segments (SDANN) and the mean of the standard deviation of all normal RR intervals for all 5-min segments (SDNNIDX) represents global and long-term variations [37, 38] , and the percent difference between adjacent normal RR intervals greater than 50 ms (pNN50), the square root of the mean of the sum of the squared differences between adjacent normal RR intervals (rMSSD) represents fast changes linked to the parasympathetic activity.
The geometrical indices calculated on the sample density distribution of the RR intervals, corresponds to the assignment of the number of equally long RR intervals to each value of their length.
Poincar e plot is a graphic tool using SD1 and SD2 index, calculated as the standard deviation of the distances of the RR intervals from they ¼ x line and the y ¼ Àx þ 2 mean (RR) line respectively. SD1 represents short-term and SD2 longterm RR intervals variability.
-Frequency domain analysis. For those analyses, the RR signal was resampled at 4 Hz and the high frequency (HF) bandwidth was extended up to 2 Hz as recommended for newborns and children analyses [37, 38, 39] . Whereas total power (Ptot) represents the global variability, ultra-low frequencies (ULF), very low frequencies (VLF), low frequencies (LF), and high frequencies (HF) represent specific bands of interest. HF power is modulated by parasympathetic modulation, LF power is controlled by both sympathetic and parasympathetic activity, and normalized indexes (LFnu, HFnu) or the LF/HF ratio (calculated has the mean of the LF/HF values of all successive 5-min epochs of the entire RR serie) are used to estimate sympathetic modulation and autonomic equilibrium.
-Geometrical analysis. The indices calculated are HRV triangular index (the integral of the density distribution divided by the maximum of the density distribution) and the TINN index (triangular interpolation of the RR interval histogram i.e. the baseline width of this triangle). These measures quantify overall HRV mainly influenced by slow, but not by rapid, oscillations of RR intervals.
-Non-linear analysis. The indices arising from nonlinear approach provide information on the complexity of the autonomic regulations. In this context, the fractality of heart rate variability consist in quantifying the repetition of patterns display at different scales. These indices were calculated using detrend fluctuation analysis (a 1 , a 2 , H), Hurst exponent, 1/f slope, Higuchi and Katz and largest Lyapunov exponent algorithms. In addition, entropy indices are an estimation of the regularity and complexity of pattern at different length. Many indices have been calculated as the Shanon entropy and its derived indices, conditional entropy, corrected conditional entropy, normalized corrected conditional entropy, the sample entropy and approximate entropy.
-Deceleration and Acceleration Capacities. In this last non-linear approach, these two indices are used to estimate the vagal and sympathetic capacities by analyzing heart deceleration capacity (DC: detection of sequences of two successive RR beats that increase) and acceleration capacity (AC: detection of all sequences that decrease).
Statistical analysis
A preliminary analysis showed that many HRV indices did not follow a Gaussian distribution even when log-transformed. Thus, to construct the centiles for 24h HRV indices from 0 to 24 months, we first search for the distribution that better fits the data. For each index, we evaluated the goodness of fit of various distribution using maximum likelihood estimates of the parameters and by visual inspection of the quantile-quantile plots of sample data versus theoretical quantiles of the distribu- 
Results
The results of the HRV indices are presented according to the fields previously described as temporal (Table 1) , geometrical (Table 2) , frequency (Table 3) , Poincar e (Table 4) , empirical mode decomposition (Table 5) , fractal (Table 6 ), HR (heart rate), SDNN (standard deviation of normal-to-normal intervals), SDNNIDX (mean of the standard deviation of all normal RR intervals for all 5-min segments). pNN (percent difference between adjacent normal RR intervals greater than 20 ms, 30 ms, 50 ms, greater than 50 ms). rMSSD (square root of the mean of the sum of the squared differences between adjacent normal RR intervals), SDANN (standard deviation of the mean of all normal RR intervals for 5-min segments), SDNNIDX (mean of the standard deviation of all normal RR intervals for all 5-min segments). 3rd  10th  50th  90th  97th  3rd  10th  50th  90th  97th  3rd  10th  50th  90th  97th   0  260  226  251  305  354  371  0  117  222  249  304  350  365  0  143  228  253  307  355  373   6  205  243  266  318  371  393  6  95  245  267  317  368  389  6  110  242  266  320  373  395   12  198  256  279  332  392  419  12  86  262  282  332  390  418  12  112  252  276  333  392  419   18  187  264  289  347  416  449  18  82  273  295  349  417  452  18  105  259  284  346  414  446   24  182  268  296  363  444  483  24  80  279  304  369  449  491  24  102  262  290  359  438  475   Total  1032  Total  460  Total  572 HRV triangular index (integral of the density distribution divided by the maximum of the density distribution (Y)). TINN (Triangular interpolation of the RR interval histogram width of a triangle using the minimum square difference). 3rd  10th  50th  90th  97th  3rd  10th  50th  90th  97th  3rd  10th  50th  90th  97th   0  260  473  806  1865  3895  5517  0 117  399  716  1729  3626  5017  0 143  549  895  1990  4080  5758   6  205  467  807  1956  4451  6741  6  95  511  793  1791  4250  6907  6 110  462  838  2077  4640  6869   12  198  451  801  2031  4908  7733  12  86  551  814  1815  4636  8047  12 112  407  813  2187  5174  7896   18  187  424  787  2091  5271  8502  18  82  520  780  1801  4788  8448  18 105  386  822  2320  5679  8832   24  182  387  765  2137  5537  9041  24  80  418  691  1750  4705  8106  24 102  398  863  2476  6159  9683   Total  1032  Total 460  Total 572 (continued on next page) 3rd  10th  50th  90th  97th  3rd  10th  50th  90th  97th  3rd  10th  50th  90th  97th   0  260  137  203  435  980  1513  0 117  121  174  369  863  1385  0 143  167  241  494  1055  1581   6  205  137  198  416  953  1505  6  95  125  177  370  877  1434  6 110  161  225  453  1002  1556   12  198  135  201  445  1058  1703  12  86  128  188  411  988  1618  12 112  150  219  472  1109  1778   18  187  130  214  523  1298  2110  18  82  130  208  491  1195  1940  18 105  133  222  548  1375  2244   24  182  122  236  648  1669  2723  24  80  131  237  610  1498  2395  24 102  111  235  684  1799  2954   Total  1032  Total 460  Total 572 (continued on next page) Ptot (total power), ULF (ultra-low frequencies), VLF (very low frequencies), LF (low frequencies), and HF (high frequencies). Nonlinear and non-stationary time series are decomposed into a limited number of oscillatory components (modes), pLF1, pLF2, pHF1, and pHF2 (Low and high frequencies power associated to the selected mode), IMAI1 and IMAI2 (ratios between low and high frequency indices). 3rd  10th  50th  90th  97th  3rd  10th  50th  90th  97th  3rd  10th  50th  90th DFA (detrended fluctuation analysis to quantify the degree of self-similarity (fractuality) of the RR signal. a1 and a2 (the slope of short-and long-term fluctuations, respectively). Higuchi and Katz algorithms and H (Hurst exponent) measure the self-similarity of the RR signal. ß 1/f slope index (calculated on the PSD plotted on a log-log scale from 10 -4 to 10 -2 Hz). Table 7 . HRV indices by a Chaos and DC or AC analysis (all 5-min segments). Entropy is a measure of the regularity and complexity of pattern of different length. Chaos and DC/AC (Table 7) , and entropy analysis ( More frequently used data are illustrated for HR, SDNN, LF and HF (Figs. 1, 2, 3 , and 4).
HRV temporal and frequential approaches
In the temporal-domain (Table 1) , the resting heart rate decreases regularly by 5 bpm on average every 6 months of age and is moderately lower, although not significantly, for boys than for girls, regardless of age.
In parallel, pNN20 increases regularly by 5% on average every 6 months of age, whereas pNN50 only increases by 1e2% over these same periods. These values are physiologically higher, although not significantly, for boys than for girls, regardless of age.
For the geometrical indices (Table 2) , both the HRV triangular index and the TINN grow regularly from birth to age 2 regardless of gender.
In the frequency domain (Table 3) , Ptot increases moderately in the first year while progressed exponentially afterwards, with a very large inter-individual variability.
From birth, boys have a higher Ptot, which also progresses faster than girls (4081e5178 ms 2 /Hz vs 3341e4122 ms 2 /Hz). VLF values are very stable whatever the period considered and the gender. LF, which represents 12e13% of the entire frequency spectrum at this age, presents with a slow and steady increase of these values (435e648 ms 2 /Hz) between 0 and 2 years, with no noticeable peak and no major influence of gender, even if basal values are moderately higher for boys. The kinetics of maturation of the HF values is remarkable and very different from the LF values as, while it begins at low values, only 6e7% of the total spectrum, their progression is much faster and the values exceed the LF values at 2 years (14e15%), regardless of the genre. As a result, the LF/HF ratio decreases between birth and 2 years for both boys and girls (see Fig. 5 ).
HRV complexity by nonlinear approach
Poincar e plot SD1 increases regularly between 0 and 24 months (Table 4) , being slightly higher in boys regardless the period. While SD1/SD2 ratio seems to increase with age, SD2 representing long-term variability has always values 4 to 6 times larger than SD1, as evidenced by the clear predominance of SD2nu and increases regularly with age. Considering the Empirical Mode Decomposition (Table 5 ), we can observe that both low (pLF1, pLF2) and high (pHF1, and pHF2) frequencies increase from birth to age 2, as the ratio between low and high frequency indices (IMAI1 and IMAI2) decrease.
Indices of fractality (Table 6) Conversely, Higuchi and Katz algorithms proposed to determine the fractal dimension of heart rate variability signal increases respectively from 1.6 to 1.8 and from 1.4 to 1.6 over the same period.
The power-law slope (ß) influenced mainly by autonomic input to the heart quantifies the complexity of the RR interval. While the smaller the slope, the greater the loss of complexity, this index is however difficult to interpret in that population.
The "chaotic" exponent (Skewness, kurtosis and largest Lyapunov exponent) in our population increase respectively (0.39e0.57e5.82 to 6.23e0.23 to 0.3) meaning higher variations of the RR with age (Table 7) .
If we consider the heart Deceleration and Acceleration Capacities indices used to estimate the vagal and sympathetic capacities, it is interesting to note that these two indices also progress with age in the same proportion, with a usual aspect in mirror.
What is remarkable in our population is the fact that all these entropy markers regularly increase by 20% on average between birth and 2 years (Table 8) .
Another way to measure the rate of patterns recurrences in RR series is the LempelZiv complexity. This last index decreases by 10% with age in our population.
Discussion
The main objective of the Autonomic Baby Evaluation cohort (AuBE) was to determine the physiological autonomic maturation profile from birth to 2 years in a healthy population of term neonates. This the first time such longitudinal survey was conducted in a large newborns healthy population.
In summary, during these two years of maturation, there is a large gain in global autonomic maturation giving progressively a new equilibrium privileging the parasympathetic activity over the sympathetic activity. This underlines a gain in finetuning autonomic modulations.
Thus the balance of the autonomic nervous system (ANS), essential for homeostasis and cardiorespiratory control, depends closely not only on states of wakefulness (awakening, quiet sleep, active sleep) [40, 41, 42, 43, 44] but also on postnatal age.
This study has provided a comprehensive analysis of HRV indices which may serve as reference data, are of interest in assessing global autonomic maturation. These markers have also gain some interest in pathological conditions as growth restricted and prematurity status [45] , sepsis [23] , inflammation [25] , as well as in particular physiological settings as skin-to-skin [46] , and stress or pain [47, 48] .
The difference in values we measured from birth according to gender is notable. All HRV values in any field of analysis are slightly higher in boys. We do not have a rational explanation. This does not explain the higher risk of SIDS in premature male infants [49] . Conversely, it has been shown that girls presented significantly higher values than boys for SDNN and absolute high frequency (HF; p < 0.05) in the supine position, the most significant indices of the vagal activity [50] . We do not know when this occurs during childhood. For adults, females showed significantly lower mean RR interval and SDNN power spectral density but a significantly greater vagal activity [51] .
There may be some limitations to our study. The first is related to the technical design of the study forcing us to analyze the data over 24 hours thus mixing waking and sleeping periods and day and night periods, which could change the basal values of HRV. In fact, we have dissociated sleep-wake data from polysomnography at birth and at 6 months of life, but it was no longer possible to obtain them on such a cohort, on an ambulatory basis and at an age when child is not compliant for physiological explorations. Nevertheless, the accumulation of 24-hour global data has the advantage of allowing measurements on a much larger number of RRs (more than 150,000 per day per child) and thus of attenuating the impact of brain activity stages on the results.
Mothers' sleep and mood could interfere with the child's sleep quality [52] , while this was not taken into account in this results which thus includes such variations. There could be also unmeasured confounding factors as the impact of nicotine exposure during pregnancy which may target different organs of the fetus, particularly the lung and the central nervous system [53, 54] , including learning disorders, hyperactivity and attentional deficits or moderate intellectual disabilities [55, 56, 57, 58, 59, 60] . Another limitation lies in the large standard deviations of normal values. For some indices, the data can vary from 1 to 20. It is therefore necessary to integrate this when used for a personalized follow-up. Each individual probably has his own autonomic resources predefined by his gender, and genetics as well as environmental factors. A human being his thus also its own witness able to improve his autonomic balance.
Using these tools may allow a complete non-invasive neurophysiological approach of the cardiorespiratory self-regulation. The innovative the longitudinal follow-up of healthy child allowed establishing normative data useful for the evaluation of an autonomic risk at a critical age of faintness and unexpected sudden death occurrence.
Persistent dysautonomia in the neonatal period, as a biomarker of neuronal dysfunction, may warrant early and prolonged neurodevelopmental follow-up and perhaps corrective actions.
Conclusion
The physiological autonomic maturation profile from birth to 2 years in a healthy population of term neonates results in a fine autonomic maturation underlying increasingly a new equilibrium and benefitting the parasympathetic activity over the sympathetic activity.
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